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The LHCb experiment will operate for about five years at a luminosity of 2 x 10 32 cm _2 s _1 and plans are to 
accumulate a data sample of ~ 10 fb _1 . Here we present the physics programme and detector design for a future 
high luminosity phase of the LHCb experiment. An upgraded LHCb experiment would operate at ten times the 
design luminosity, i.e. at ~ 2 x 10 33 cm~ 2 s _1 and aims to collect a data sample of ~ 100 fb _1 over five years. This 
programme would allow the probe of new physics at an unprecedented level. Key measurements include the B® 
mixing phase <j> a in B® — > J/ij)<f> and B® — > cj>(f> decays with a significant sensitivity to the small Standard Model 
prediction and a very precise measurement of the CKM angle 7 in tree diagram decays. Initial studies of the 
modified LHCb trigger and detectors are presented. The upgraded LHCb experiment can run with or without an 
LHC luminosity upgrade. 



1. INTRODUCTION 

The Standard Model (SM) is a very success- 
ful effective theory. Over the last few years it 
has emerged that the CKM mechanism is likely 
the dominant mechanism and new physics (NP) 
beyond the SM would appear as corrections. If 
NP were observed at the LHC its flavour sector 
must be studied. Here we discuss the plans for 
an upgraded LHCb experiment. In Section [2] we 
present the LHCb experiment and physics pro- 
gramme, and motivate running at higher lumi- 
nosities. The physics reach of a 100 fb _1 data 
sample is discussed in Section [3] for selected key 
measurements: the B® mixing phase <fi s from the 
tree decay B® — > J/ -0</>, the b — > s penguin decay 
B® — > (fxf>, as well as the CKM angle 7. In Section 
|4] we present the plans for upgrading the LHCb 
trigger and detectors. The report ends with con- 
clusions. 

2. THE LHCb PHYSICS PROGRAMME 

2.1. The LHCb experiment 

The goal of the LHCb experiment is to per- 
form precise measurements of CP violation and 
rare decays of B mesons. The LHCb detector is a 
forward arm spectrometer which is equipped with 
state-of-the-art vertexing capabilities, and is de- 



signed to trigger efficiently on muons, electrons 
and photons as well as hadronic final states. Two 
Ring Imaging Cherenkov (RICH) detectors allow 
excellent charged particle identification. The trig- 
ger and flavour tagging of LHCb are discussed 
elsewhere in these proceedings jll2| . The LHCb 
experiment will start taking data in 2007 at the 
Large Hadron Collider (LHC) at CERN. More 
details about the current status of LHCb and its 
first year data-taking plans are described in [314] . 

2.2. LHCb - the first five years 

The LHCb experiment is designed to operate 
at a luminosity £ ~ 2 x 10 32 cm~ 2 s~*. This 
choice maximises the number of bunch crossings 
with exactly one pp interaction and reduces the 
radiation damage to the vertex detector. This 
luminosity is a factor of ~ 50 below the LHC de- 
sign value which is achievable by using a tunable 
amplitude function, (3* , at the LHCb interaction 
point. Therefore this luminosity will very likely 
be reached during the first LHC physics run. In 
a nominal year of 10 7 s, a data sample of 2 fb _1 
will be collected by LHCb. 

The large cross section of 500 /ib for the pro- 
duction of &&-quark pairs at the LHC will allow 
LHCb to collect much larger data samples of se- 
lected B meson decays than previously available. 
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Table 1 

Expected signal yields S, signal to background ratios B/S and sensitivities for 2 fb _1 of data. The yields 
also include charge conjugate modes, which are implied throughout. The parameters are defined in the 
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The sensitivities of these data-sets to CP violat- 
ing asymmetries and to other physics observables 
have been studied with simulated events. In Ta- 
ble Q] we present a selection of signal yields 5, 
background to signal ratios B/S and precisions 
on CKM angles 7, a, f3 and 4> s and other ob- 
servables. Detailed presentations on many of the 
channels are presented elsewhere in these pro- 
ceedings [516171819110111] . 

The plan is to operate the LHCb experiment for 
five years at the design luminosity and to collect 
a data sample of 6 to 10 fb _1 . A major goal 
is to exploit the physics in the B s system. This 
includes the observation of CP violation in B s 
mesons and precision measurements of the mass 
difference between the B® mass eigenstates, Am s , 
and the lifetime difference Ar s . Other main aims 
are to improve the error on the CKM angle 7 by a 
factor of five, to probe NP in rare B meson decays 
with electroweak, radiative and hadronic penguin 
modes, and to make the first observation of the 
very rare decay B® — > p + p~ . 



2.3. LHCb at higher luminosity 

After the first five years of operation, the pre- 
cision of many LHCb physics results will remain 
limited by the statistical error of the collected 
data. The following questions arise: is LHCb ex- 
ploiting the full potential for B physics at hadron 
colliders and is there a science case for collect- 
ing even larger data samples? Note that LHCb is 
the only dedicated heavy flavour experiment ap- 
proved to run after 2010. In the remainder of this 
report we will try to answer these questions. 

The LHCb experiment has commenced study- 
ing the feasibility of upgrading the detector such 
that it can operate at a luminosity £ ~ 2 x 
10 33 cm _2 s _1 , which is ten times larger than 
the design luminosity. This upgrade would allow 
LHCb to collect a data sample of about 100 fb _1 
during five years of running. This increased lumi- 
nosity is achievable by decreasing j3* at the LHCb 
interaction point. It does not require a LHC lumi- 
nosity upgrade (Super-LHC) as the LHC design 
luminosity is 10 34 cm -2 s" 1 although it could op- 
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erate at Super-LHC. Thus an upgrade of LHCb 
could be implemented as early as 2013. The num- 
ber of interactions per beam crossing will increase 
to n ~ 4 which will require improvements to the 
LHCb sub-detectors and trigger. 

3. LHCb PHYSICS REACH WITH A 
100 fb 1 DATA SAMPLE 

3.1. Weak mixing phase <f) s 

Flavour-changing neutral currents (FCNCs) 
are particularly sensitive to NP. New particles ap- 
pear virtually in loop diagrams which lead to de- 
viations from SM predictions. The interference in 
mixing and decay to CP eigenstates is sensi- 
tive to the CP violating weak mixing phase <j) a . 
This can be studied in the time-dependent asym- 
metry of flavour-tagged B° — » J/tp(j) decays. The 
SM prediction for (j) s is very small: <j) s = — 2% = 
— 2\ 2 r/ w — 0.035 rad where A and 77 are the usual 
Wolfenstein parameters of the CKM matrix [T2"] . 
Hence <f> s is a very sensitive probe of NP and will 
provide a stringent test for Non-Minimal Flavour 
Violation (NMFV) [13]. 

Currently the only direct (f> a result is from DO 
who measure S = —0.79 ± 0.561°'^ rad in the 
untagged decay time spectrum of B® — » J/ijxj) de- 
cays [14 . Using a full simulation, the LHCb ex- 
periment expects to collect 131k B® — > J/ip'fi de- 
cays with a 2 fb -1 data sample [15]. The ex- 
pected precision on <fi s is estimated with many 
toy Monte Carlo experiments based on the yields 
and resolutions obtained in the full simulation. 
We obtain cr(<jf> s ) ~ 0.023 rad where the B® mass 
difference has been set to Am s — 20 ps _1 . New 
physics in B® mixing can be parameterised as 
Amf p = (l + /i s e 2iCT =) Amf M where the SM 
phase of Amf M is equal to — 2\ and h s and o s 
are, respectively, the amplitude and the phase of 
the NP contribution. In Fig. [T] we show the ex- 
pected sensitivity for h s and <j s for LHCb with 
2 fb -1 of data [IB]- With five years of data, 
LHCb expects to achieve a precision of a(4> s ) ~ 
0.010 rad which corresponds to about a 3cr signifi- 
cance for the SM value of 4> s . This precision is ex- 
pected to be statistically limited, with systematic 
errors likely to be much smaller. The precision of 
the SM prediction for (j> s is better than 0.01 rad. 




Figure 1. The allowed range for h s and o s with 2 
fb -1 of LHCb data. The dark, medium, and light 
shaded areas have confidence levels > 0.90, 0.32, 
and 0.05, respectively, taken from [16]. 



A significantly larger data-set would allow 
LHCb to probe new physics in B mesons at an 
unprecedented level of a few percent. Here we 
present estimates for sensitivities with a 100 fb -1 
data sample which are based on scaling with lu- 
minosity. Potential trigger efficiency improve- 
ments are not included. While these estimates 
have large uncertainties, these are extremely use- 
ful to motivate simulation studies with the aim 
to improve or at least maintain trigger and selec- 
tion efficiencies at ten times higher luminosities. 
An upgrade of LHCb has the potential to mea- 
sure the SM value of <j) a with ~ 10er precision 
(cr(0 s ) ~ 0.003 rad) in B° s -> decays. 

3.2. b — ► s transitions in B® — > (fxp 

New physics can be probed by studying FCNCs 
in hadronic b — > s transitions. One approach is 
to compare the time-dependent CP asymmetry in 
a hadronic penguin loop decay, where unknown 
massive particles could enter with a decay based 
on a tree diagram which generally is insensitive 
to NP and which has the same weak phase. The 
B-factories measure the CP asymmetry sin2/3 e ^/ 
in the penguin decay B° — > <pKg. A value for 
sin 2 Peff which is different from sin 2/3 measured 
in B° — > J/iJiKg would signal physics beyond the 
SM. Within the current available precision, all 
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sm2(3 e ff measurements are in reasonable agree- 
ment with the SM, but all central values are lower 
than expected. A naive average indicates a 2.6a 
discrepancy [17] . 

The above approach can also be applied to 
B° s mesons and this will be exploited by LHCb. 
Within the SM the weak mixing phase 4> s is 
expected to be almost the same when compar- 
ing the time-dependent CP asymmetry of the 
hadronic penguin decay B® —> (fx/) with the tree 
decay B® — > J/ip<j>. Due to a cancellation of the 
B s mixing and decay phase, the SM prediction 
for cj) s ((f><f>) is actually very close to zero |18j . 
Thus any measurement of <p a (<p</)) ^ is a clear 
signal for NMFV. LHCb expects to collect 1.2k 
B® — > (fxfi decays in 2 fb _1 of data [19]. By com- 
paring with the B® — » J/ifxj) yield we estimate a 
sensitivity of cr(<j> s {<l>4>)) ~ 0.14 rad for 10 fb _1 
of data. This a(<p s ((/)(f)) precision is statistically 
limited. Scaling the sensitivity up to a data 
sample of 100 fb _1 we estimate a precision of 
a{<f> s {4>4>)) ~ 0.04 rad. This sensitivity presents a 
very precise and exciting NP probe. A first-level 
detached vertex trigger is required to reconstruct 
this hadronic decay mode. A new LHCb simula- 
tion study on a(<p s ((p<j>)) can be found in [2D] , 

3.3. CKM angle 7 from B -» DK and 

B° S ^DJK± 

LHCb will perform direct measurements of the 
CKM angle 7 using two interfering tree processes 
in neutral and charged B — > DK decays. The 
interference arises due to decays which are com- 
mon to D° and D° mesons such as D°(D°) — > 
K^ir+ir- (Dalitz decay [21]) and D°(D°) -> 
K^tt ± ,K+K- (ADS and GLW [22123] ). The 
current combined direct 7 measurements at the 
B factories have large errors of about 30° |17j . 

The expected LHCb 7 sensitivities for 2 fb" 1 of 
data have been estimated for several of the above 
modes [6]; we obtain (7(7) ~ 7° — 15°. In addi- 
tion, LHCb will use the decay B° s -> DfK ± to 
measure 7 with 17(7) ~ 14° in 2 fb _1 . By com- 
bining these measurements, LHCb will achieve a 
precision of (7(7) ~ 5° in 2 fb _1 . The theoretical 
error on the SM prediction is very small. Note 
that some of the 7 measurements will have a cor- 
related systematic error, for example there is a 
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Figure 2. Expected sensitivities for LHCb (solid 
lines) with 100 fb _1 compared to an e + e~ Super- 
B factory (dashed lines) with a data sample of 
50 ab" 1 [Mj. Note that AS{^) = </>„(#) - 
MJ/^), &S(<t>K%,r/K° s ) = sm2/? e// -sin2/3 
and S(K*°"f) = sin2/3 e //. 



Dalitz model dependence. We take this into ac- 
count when scaling to a 100 fb _1 data sample and 
estimate that a precision of a(j) ~ 1° should be 
achievable. This would allow a very precise de- 
termination of the apex of the unitarity triangle. 

3.4. Summary and comparison with the 
Super-B Factory 

We presented a selection of key measurements 
that could be performed with an upgrade of 
the LHCb experiment, namely precision measure- 
ments of the weak mixing phase <j) s in tree de- 
cays and b — > s transitions, and of the CKM an- 
gle 7. Many more measurements would also ben- 
efit from a ten-fold increase in statistics. With 
100 fb" 1 of data, LHCb would be able measure 
AS(<f>K%) = sin2/3 e// - sin 2/3 in B° -> 4>K% with 
an estimated precision of a(AS((j>Kg)) ~ 0.04. 
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An estimated yield of 44k B a — > K*°fj, + ^~ events 
per year would allow probing right-handed cur- 
rents by analysing forward-backward asymme- 
tries {Afb) and transversity angles. In addition, 
the LHCb upgrade would allow the probeing of 
NP in charm decays and to study lepton flavour 
violation in r decays. 

In Fig. [2] we present a comparison of the ex- 
pected sensitivities for the LHCb upgrade, scaled 
from 10 to 100 fb _1 , with sensitivities at a Super- 
B factory based on a 50 ab _1 data sample [24] . 
Both approaches have comparable sensitivities 
for many measurements such as 7 and sm2(3 e ff. 
LHCb will be limited in reconstructing decays 
with (more than one) neutral final state parti- 
cles (photon, 7T° or 77). However only an upgrade 
of the LHCb experiment will allow an ultimate 
exploitation of B® meson decays. While these es- 
timates need to be confirmed with simulations at 
high luminosities, an excellent science case can be 
written for an LHCb upgrade. 

4. LHCb DETECTOR AND TRIGGER 
UPGRADE 

4.1. Detector and trigger plans 

The trigger for the LHCb experiment comprises 
a first level trigger (L0) implemented in hard- 
ware and a Higher Level Trigger (HLT) running 
on a large CPU farm. The L0 trigger operates 
at 40 MHz and selects high transverse momen- 
tum objects in the electromagnetic and hadronic 
calorimeters (e, 7, charged hadrons) and muons 
in the muon system (//, fi/J,). Pile- up events are 
vetoed. The output rate is limited to 1.1 MHz 
with 4 [is latency. Simulations show that the L0 
muon trigger efficiency for reconstructable events 
is around 90% and that the output rate scales 
with luminosity up to 5 x 10 32 cm~ 2 s . At the 
design luminosity, the L0 hadron trigger efficien- 
cies are about 40%, and the output rate increases 
only slightly with luminosity. The vertex detec- 
tor (VELO) sensors [19] undergo radiation dam- 
age and it is expected that these will need to be 
replaced when 6 to 8 fb _1 of luminosity has been 
collected. This illustrates that the existing trig- 
ger and at least some of the sub-detector systems 
will not allow operating the LHCb experiment at 



ten times the design luminosity. 

We have commenced studies which investigate 
how to upgrade the LHCb detector and triggers 
such that the experiment can operate at lumi- 
nosities £ ~ 2 x 10 33 cm~ 2 s _1 . Two scenarios 
are under consideration. A step-by-step approach 
would foresee to replace the VELO sensors with 
improved radiation-hard detectors which will be 
read out at 40 MHz. This would allow the addi- 
tion of a first-level detached vertex trigger at L0. 
The Trigger Tracker in front of the LHCb dipolc 
magnet could also be included. This trigger could 
be implemented in FPGAs, and it would need to 
be very fast and run within the L0 latency time. 
Other LHCb detector systems will also need to be 
upgraded when increasing the luminosity, either 
due to unacceptably large occupancies or radia- 
tion effects. We are currently studying the lumi- 
nosity limit of each LHCb sub-detector system. 
Under discussion is the replacement of the cen- 
tral region of the RICH 1 photon detectors, an 
increase (decrease) of the Inner (Outer) Tracker 
area, and a replacement of the inner region of the 
electromagnetic calorimeter. 

Another approach would be to change the read- 
out of all LHCb sub-detectors to 40 MHz. This 
has clear advantages as it would allow the im- 
plementation of a L0 displaced vertex trigger in 
a CPU farm. In fact all trigger decisions would 
be software-based which allows flexibility. How- 
ever this approach requires a redesign of the front- 
end electronics which has implications for all sub- 
detector systems. Besides the VELO, all sili- 
con sensors of the Trigger and Inner Tracker and 
the RICH photon detectors would need to be re- 
placed. The R&D for the new front-end electron- 
ics will be able to profit from the developments 
of ATLAS and CMS for Super-LHC luminosities. 

4.2. Initial studies 

R&D efforts have started on technologies for 
radiation-hard vertex detectors that will be able 
to operate in the radiation environments of the 
LHC and LHCb upgrade. The detector sensors 
will need to be able to operate at radiation doses 
of about 10 15 1 MeV equivalent neutrons/cm 2 . 
Initial studies of Czochralski and n-on-p sensors 
irradiated up to 4.5 x 10 14 24 GeV protons/cm 2 
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are promising and show that the charge collec- 
tion efficiencies saturate at acceptable bias volt- 
ages 25 . Three-dimensional sensors are another 
alternative that could be investigated. 

Two different vertex-detector geometries are 
envisaged. One is to shorten the strips, the other 
is to use pixels. Removing the RF foil that sepa- 
rates the VELO sensors from the primary beam- 
pipe vacuum would reduce the radiation length 
before the first measurement by 3% and improve 
the proper time resolution of B meson decays. 

A preliminary study uses B® — » DJK^ decays 
simulated at a luminosity of 6 x 10 32 cm~ 2 s . 
Events with large numbers of interactions are em- 
ployed to simulate larger effective luminosities up 
to 2 x 10 33 cm _2 s _1 . In a first step, the existing 
HLT VELO trigger algorithm is added without 
modifications into the LO trigger. We find that 
the minimum bias rate keeps rising with luminos- 
ity and saturates the bandwidth well below our 
target luminosity. A better approach is to com- 
bine the LO trigger with a detached vertex trigger 
and to read out at a 40 MHz rate. We require a 
transverse energy Et > 3 GcV from the hadron 
trigger and combine this with a matched track 
that has a transverse momentum px > 2 GeV/c 
and an impact parameter S > 50^m. In this com- 
bined trigger the minimum bias rate does not de- 
pend strongly on the luminosity and the triggered 
event yield scales linearly with the luminosity. In 
addition, the total trigger efficiency is 60% larger 
when compared with the existing baseline. 

5. CONCLUSIONS 

We have presented a plan to upgrade the LHCb 
experiment after about five years of running. This 
programme is motivated by new physics beyond 
the Standard Model that can be studied with a 
ten times larger data sample. The LHCb up- 
grade would allow a precise measurement the 
weak mixing phase S at its Standard Model value 
and to probe new physics in B meson decays at 
an unprecedented level of a few percent or bet- 
ter. Initial estimates show that an excellent sci- 
ence case can be developed. The plan is to up- 
grade the LHCb detector such that it can oper- 
ate at ten times the design luminosity, i.e. at 



C ~ 2 x 10 33 cm _2 s _1 . The upgraded experi- 
ment can run with or without an LHC luminosity 
upgrade. The LHCb upgrade will require a first- 
level detached vertex trigger. To achieve this, the 
vertex detector sensors will need to be replaced 
and many other sub-systems will need to be im- 
proved. Feasibility studies for physics and trigger, 
and R&D for detectors and front-end electronics 
are now required. 
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